The scanning mobility particle sizer (SMPS) technique is a widely employed technique to measure the particle number size distribution, and thus calculate the particle total growth rate. However, growth due to individual atmospheric processes needs to be known precisely and accurately to better model the secondary aerosol distribution. In this study, we use simplified analytical formulas to calculate the growth rates due to self-coagulation, coagulation scavenging and condensation processes of particle size distribution (9-425 nm) measured using SMPS. Firstly, total growth rate is determined from the regression fit of SMPS data plotted between the geometric mean diameter (GMD) of particle size (nm) versus time (hour) measured during a particle growth event. The SMPS measurements were conducted during November-December 2011 in New Delhi. The particle growth event days and non-event days were classified according to the protocol discussed elsewhere. Assuming that the particle number size distribution of a growing population can be described by a unimodal distribution and particles are neutral in the population, we calculated the growth rate due to selfcoagulation (GR scoag ), which is proportional to the total number of particles in the mode and mode peak diameter. Similarly, assuming that particles with mode peak size 25 nm and above act as a coagulation sink and grow due to scavenging of newly formed nucleation range particles (< 12 nm), we calculated the coagulation scavenging growth rate (GR scav ) as a time derivative of the mode peak diameter, which is equivalent to the product of particle diameter and its coagulation sink. The condensation growth rate (GR cond ) is calculated based on the assumption that total growth rate is the summation of the growth resulting of three physical processes: self-coagulation, coagulation scavenging and condensation. During the study period, three event days were recorded at the measurement site. To explain the growth rate calculation approach, which is presented here in detail, we have taken SMPS data of one event day (November 4, 2011) as an example (two other event days are also briefly discussed). On November 4, the total average growth rate was found to be 15.4 ± 11 nm/h, while the average GR scoag , GR scav and GR cond were calculated to be 3.8 ± 0.4 (with min and max values of 2.9-5.1 nm/h), 8.0 ± 6 (0.6-19.3 nm/h) and 3.6 nm/h, respectively. These growth rates are comparable to those reported for other urban sites around the world using different methods. This approach is simple, and growth by individual processes can be calculated without knowing several other parameters, which include vapor concentration of atmospheric constituents, heterogeneous processes, and complex modeling procedures.
INTRODUCTION
Secondary aerosols are formed from transformation of atmospheric gas-phase species to the particulate matter (PM) whose contribution is important in total aerosol mass in many urban and remote areas (Finlayson-Pitts and Pitts Jr., 2000; Kulmala et al., 2013; Seinfeld and Pandis, 2006) . Understanding the effects of secondary aerosols on climate and health are more complex as their distribution and fraction in total aerosol mass are highly uncertain. Particle formation and growth have been observed in several places on the globe (Kulmala et al., 2001 Bzdek and Johnston, 2010) . Measurement of frequency of these nucleation events and subsequent particle growth can help to better constrain the secondary aerosols distribution, and hence aerosol effects (Kulmala et al., 2013) .
The newly formed aerosols become climatically important only if they are able to grow to sizes of 50 nm and larger. Particles in this size range can act as cloud condensation nuclei (Twomey 1974; Pirjola et al., 2002; Laaksonen et al., 2005; Kaufman et al., 2006) and they contribute to indirect aerosol effect on the climate (Lehtinen and Kulmala, 2003) . Furthermore, if the particles grow to sizes above about 100 nm, they scatter light very efficiently, and have thereby a direct (cooling) effect on the Earth climate (Coakley, 2005) . Due to their Brownian motion, particles with diameter of about 10 nm coagulate very efficiently with larger particles, which implies that the freshly nucleated particles grow fairly rapidly (within a few hours) cross the 10 nm limit or in other words, they get lost in the collision processes . In order to determine the causes of atmospheric nucleation events, and to better understand the characteristic of these events in different environments, it is important to know the underlying processes causing the particle growth and the physiochemical mechanisms controlling their formation and growth processes.
Several methods have been developed for determining aerosols growth rates from atmospheric observations. They are derived through complex mathematical equations, which rely on particle number size distribution measurements. To estimate aerosol growth rate accurately, models must include microphysical processes such as nucleation, coagulation, scavenging, condensation/evaporation, etc. However, calculation of growth rates due to these processes are not so straightforward and needs to know several information, such as nucleation range particle with size, number and charge; vapor concentration of atmospheric constituents, and heterogeneous processes, etc. Moreover to collect this information, innovative instrumental techniques are needed.
Depending upon the atmospheric conditions, aerosol particles grow mainly due to both condensation and coagulation Leppä et al., 2011) . Condensation growth is considered as condensation of vapors onto pre-existing particles. In these conditions the growth rate depends on the particle diameter only through the Kelvin effect (i.e., equilibrium vapors pressure over a curved surface (Seinfeld and Pandis, 2006) ).
Coagulation is a kinetic process in which particles those are in relative motion, collide and fuse. In this process, the effect of particle charge is a dominant factor for small particles (Fuchs, 1964) . There are two types of coagulation processes discussed in general, (i) self-coagulation, which is defined as fusion of similar sized particles, and (ii) coagulation scavenging, which is referred as scavenging of freshly form nucleation range particles by the pre-existing relatively bigger sized particles.
The atmosphere of several megacities are reported to be highly affected by anthropogenic emissions and dense industrial plumes (Butler et al., 2011) , where coagulation plays a key role in the removal of aerosols because of the high concentration of particles, and on the other hand due to formation of new particles. To simulate changes in the size distribution of coagulating aerosols, modelers and researchers have developed a number of approaches that assume either a continuous size spectrum or discrete bins that vary in sizes (Turco et al., 1979; Kim and Seinfeld, 1990) . Turco et al. (1979) derived a basic semi-implicit algorithm to describe aerosol coagulation with an assumed geometrically related size distribution and a volume ratio of size bins equal to two. Jacobson and Turco (1994) further developed these coagulation equations to allow the volume ratio of the adjacent bins to approach unity and to simulate coagulation among any number of particle types, each containing any number of volume fraction components. The long-term goal of the study was to develop a microphysical model that will adequately simulate aerosol size distributions.
Simulating coagulation in a particle size growth study is important in order to decrease large particle numbers. From modeling point of view, particles self-coagulation and coagulation scavenging can be treated comfortably, whereas condensation processes are problematic because of our incomplete knowledge on the vapors participating into these processes and in general lack of knowledge of vapor properties (e.g., Nieminen et al., 2010; Wang et al., 2010) .
In this paper, we have used a novel approach and applied the equations in a simplified form, which have been discussed in Leppä et al. (2011) and Seinfeld and Pandis (2006) to calculate particle growth rates using real ambient number size data. We have calculated particle growth based on the SMPS measurements in a megacity, New Delhi. The methodology mainly includes two assumptions, (i) the total growth of the particle at different modes are the summation of particle growth due to self-coagulation, coagulation scavenging and condensational processes, and (ii) while calculating growth due to coagulation scavenging, we assumed that particles in the nucleation range below 12 nm are freshly formed and being scavenged by mode particle of the distribution which grows into mode particle of the succeeding samples (size distribution). The growth rates due to these 3 individual processes are calculated for a growth event day (November 4) as an example. We also discussed here the effect of meteorological conditions on the growth of particle.
METHODOLOGY

Instrumentation
Particle size measurements were carried out at National Physical Laboratory (NPL, http://www.nplindia.org/), New Delhi. Fig. 1 shows a google view of the sampling location. The sampling site is surrounded largely by vegitation, residential appartments and a light trafic road. As can be seen in figure, it is a representative site of mixed source influence, such as, biomass burning, trafic emission, biogenic emission and other combusion/burning sources from residential colonies. This location and sources are discussed in details in recent publications on chemistry of aerosols collected in the same site (Miyazaki et al., 2009; Li et al., 2014) .
The measurement system was placed in a room at the top floor of the building. The system consisted of a scanning mobility particle sizer (SMPS), which comprises an electrostatic classifier (TSI model 3080) and Kr-85 neutralizer, a differential mobility analyzer (DMA, TSI model 3081) and a condensation particle counter (CPC, TSI model 3788). Aerosol samples were aspirated at the rooftop of the laboratory (~15 m above the ground) through a cyclone inlet (2.5 µm cutoff size) connected with stainless steel tubing of internal diameter 6 mm and length ~4 m, Fig. 2 . Then aerosols were dried after passing through two diffusion dryers (TSI model 3062) connected in series containing silica gel and reached to the inlet impactor (nozzle size 0.071 cm) of SMPS (tube length ~2 m, Fig. 2 ) with a sample flow rate of 0.6 L/min. Sheath flow rate was maintained at 6 L/min. The measured range of particle size was 9 to 425 nm with 64 channels/decades. Before these measurements, SMPS was calibrated with 80 and 300 nm polystyrene latex (PSL) particles. We have also checked the calibration of CPC counts based on a gravimetric approach (Aggarwal et al., 2013) . Basic meteorological data with a time of 30 min average were obtained from the NPL meteorological station situated within the campus.
For the growth measurement setup (Fig. 2) , the residence time of particles inside the tube before entering to SMPS is calculated to be ~6.1 s (in Fig. 2 , residence time of particles between A and C points is ~0.4 s and between C and D points is ~5.7 s). Whereas, total scan time for sample analysis in SMPS is 135 s (i.e., 120 s up scan time + 15 s retrace time), which is fairly high, i.e., ~20 times higher than that of total residence time of the particle in sampling line. Therefore, we assumed that the residence time does not affect considerably the growth of particles. Also, similar setups have been used in other studies for particle growth measurements (Mochida et al., 2008) .
As shown in Fig. 2 , in the growth measurement, ambient aerosols were entered through cyclone and then passed through two diffusion dryers connected in series. This implies that we discussed here the growth rate of dry particles (aerosol water content should be negligible). Therefore we can assume that in this study, only non-volatile matter (which is deposited on the surface of particles because of condensation of different species in ambient condition) is contributing to the particle condensational growth (e.g., Leppä et al., 2011) . Ambient conditions, e.g., mixing ratios of SO 2 , H 2 SO 4 , organic gases, and meteorological conditions may influence the condensation growth. Effect of meteorological conditions (i.e., relative humidity, temperature, wind speed, etc.) on growth of particles is also discussed in the following texts.
It is also important to note that cutoff size of cyclone (2.5 µm) which was deployed in this study, is large enough to allow all the wet particles (i.e., particles with hygroscopic growth) of different sizes which are after passing through dryers reduced to < 1 µm in size (the inlet impactor cutoff size of SMPS is 888 nm).
Particle Concentration and Size Distribution
Total and mode particle number concentrations were obtained from the measured data. The modal range of the data obtained was within Atkins (25 to 100 nm) and accumulation range (> 100 nm). This modal structure and these size limits are close to typically assumed for continental particle size distribution . Observed growth rate due to self-coagulation, coagulation scavenging and condensation is calculated. During the observation period, days are divided into growth event and growth non-event days. In the growth event days, subsequent growth of the particle is recorded with the passage of time, and in non-event days, no distinguish growth of the particle is observed. The classification is further discussed in the following section.
Particle Growth Rate Calculation
Particle growth rates were represented by the observed growth in Atkins and accumulation ranges. The number concentration of particles at the start and end of a period during which a subsequent increase in size was observed, were used to quantify the total growth rate. Geometric mean diameters (GMD) for each size distribution were used to examine particle growth processes (Jeong et al., 2010) . The observed growth rate (GR total ) of the ambient particle was quantified by fitting the GMD of particles in modal ranges during the growth process event over a period of time 't'.
where d g is the geometric mean diameter of the particles, d pi is the particle diameter of size bin i, and N i is the particle number concentration in size bin i (Hinds, 1998) . We assume that aerosol particles are spherical and thus have a well-defined diameter. By growth of a single particle, we mean the increase of diameter of that particle. Particle diameter increases due to self-coagulation, coagulation scavenging and condensation, which are the only processes those considered in the growth of a single particle in our approach. Fig. 3 shows the growth of the particle due to these three processes, i.e.,
where GR total is the total growth rate, GR scoag is the growth rate due to self-coagulation (coagulation of similar size particles in the population with each other), GR scav is the growth rate due to coagulation scavenging (coagulation of smaller diameter particles in the population with pre-existing bigger sized particles), GR cond is the growth rate due to condensation of vapors on the pre-existing particles in the atmosphere.
Self-Coagulation
To estimate the growth rate due to self-coagulation, we make a simple assumption that the particle number size distribution of a growing population can be described by a unimodal distribution then growth rate due to self-coagulation (procedure described in Leppä et al., 2011) can be defined as:
where N is the total number concentration of particles in the mode peak, and k(d p ) is the Brownian coagulation coefficient between the particles of similar size, k(d p ) can be determined as:
where C c is known as Cunningham slip factor (Hinds, 1998) .
Coagulation Scavenging
The approach used in this study is based on the assumption that in ambient atmosphere, Atkins (25 to 100 nm) and accumulation (> 100 nm) range particles act as coagulation sink for newly formed nucleation range (< 12 nm) particles. The coagulation of larger particle with the newly formed particles (< 12 nm) resulted as decrease in number concentration of nucleation range particles and growth of Atkins and accumulation range particles. Using particle number size distribution, the value of coagulation sink for the particles in a mode can be calculated as discussed in Leppä et al. (2011) :
where k(d p ) ij is the Brownian coagulation coefficient
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Freshly formed particles
Similar sized particles Fig. 3 . Pictorial presentation of the processes of growth of the particle due to self-coagulation, coagulation scavenging and condensational growth.
between particles in sections i and j and particles in the nucleation range in sections from p to q. Here N j is the nucleation range particle number concentration, which are scavenged by the larger one. Detail process is described in Fig. 4 . Fig. 4 is a simple representation of particle growth rate due to scavenging. Figure illustrates the two consecutive distributions. The distribution with blue color represents the initial particle size distribution (sample 1), and the other with red color is the succeeding size distribution (sample 2). d m and d m ' are the mode peak of initial (preceding) and succeeding size distributions, respectively. N j ' and N j '' are the nucleation range (< 12 nm in this study) particles number concentration in initial and succeeding distributions, respectively. Particles equivalent to the loss in nucleation range particle number concentration N j (= N j ' -N j '') coagulate with the initial mode (d m ), so as a result, the size (equivalent) of d m is enhanced to d m ' in the succeeding distribution (sample 2) with the progress of time.
where D and d denote the diffusion coefficients and particle diameter of class i and j, respectively, β is the correction factor for the particles in transition and free molecular regime as suggested by Fuchs (1964) . Diffusion coefficient can be calculated as (Hinds, 1998) :
where d p is the particle diameter and k, T and η are the Boltzmann constant, temperature at standard condition, and coefficient of viscosity, respectively. C c is called Cunningham slip correction factor. Eq. (8) agrees with the correlation (adjusted for mean free path, λ) developed by Allen and Raabe (1985) for all particle sizes. Leppä et al. (2011) derived an equation to estimate the growth rate due to scavenging as:
where d p* is the count mean diameter, d pi , N i and CoagS i are the particle diameter, number concentration and coagulation sink for the particles in class i, respectively, and * denotes the count mean value over the nucleation mode. In our approach, the mode diameter in size distribution is treated as the coagulation sink for the small range particles existing in the same distribution as discussed in Fig. 4 . If d m describes the size of the mode for number size distribution either at Atkins or accumulation range, the growth rate due to coagulation scavenging can be defined as a time derivative of that diameter:
Eq. (10) is the modified form of growth rate due to scavenging as discussed by Leppä et al. (2011) .
Condensation
Under most atmospheric conditions, aerosol particles grow mainly due to condensation of vapors on them. The growth rate of a particle diameter due to condensation is then calculated as (Seinfeld and Pandis, 2006) :
where V m is the volume of the condensing vapor molecule, ν is the mean speed of the molecules; C ∞ and C s are the number concentration of condensing molecules far away from the particle and the saturation vapor concentration at the particle surface, respectively, and α is the molecular accommodation coefficient.
Particle Charge Effect on Growth
This is important to note that in this study, we did not account for the effect of particle charge in self-coagulation, coagulation scavenging and condensation processes. Leppä et al. (2011) discussed about the role of charged particles and electric interactions in the growth of nucleation mode particles. They reported that charged particles can increase the growth rate due to both self-coagulation (in < 20 nm particle range) and coagulation scavenging (by bigger particles) by a factor of 1.5 to 2. They suggested that the total condensational growth rate of a nucleation mode may increase significantly in very early steps of the growth in case of charged particles. However in the present study, we have measured particle size in the range of 9-425 nm by aiming to calculate the growth rates of these particles (for this range of particles, the distribution mode peak is observed to be in between 88-174 nm). Further, particle charge affects the growth rate of nucleation range particles, but this effect may be less significant for Atkins or accumulation range particles (Fuchs, 1964; Kerminen et al., 2007) , which are being studied here.
RESULTS AND DISCUSSION
Growth Event Days versus Non-Event Days
Based on the observed number-size distribution, days are classified in growth event and growth non-event days. The classification method of growth events that we used here is based on nucleation event methods as described by Mäkelä et al. (2000) and Dal . A day is considered as growth event day if the growth of aerosol particles mode is observed over a period of several hours (at least for 1 hour). In practice, a new particle formation event can be seen as an increase of the particle number concentration in the smallest size bins of the SMPS system. These newly formed particles then experience subsequent growth that can be seen to occur typically at a rate of few nanometers per hour during rest of the time. If the aerosol size distribution for a given day exhibits these signs, the day is classified as a typical growth event day. Rests of the days are classified as growth non-event days, where no particle growth is observed in the mode peak of the numbersize distribution. Particle number size distribution measurements (9-425 nm) were conducted at NPL, New Delhi for 10 days during November-December 2011. During this period, 3 growth event days (November 4, December 15 and 26) were identified, where particle growth of Atkins and accumulation range is recorded for at least 1 hour. Rest all days are classified as non-event days. For example, we observed longest growth event day for about 4 hours on November 4, while December 16 is shown as an example of growth non-event day in Fig. 5 . During particle growth, a clear relation (inversely proportional) between mode peak diameter and particle number concentration in the mode peak can be seen, Fig. 5(a) . Particle size in the mode peak is increased with time but on the other hand, number concentration in the mode is systematically decreased. This suggests that coagulation is a dominant process of particle growth. Similar results are also observed for other days of the growth event in this study. Different from growth event day, no regular trend between mode size and particle number concentration in mode peak was observed on December 16, Fig. 5(b) . In addition, large variation in particle mode peak concentration is recorded with time on the non-event day. Consistent with the observation in Fig. 5(a) , particle total number concentration is also found to decrease with particle mode size, Fig. 6 . This further suggests that coagulation processes are important for particle growth which can govern the particle number and size distribution in an urban atmosphere. On the growth event day (i.e., November 4), the total particle number concentration (N total ) was recorded to be varied between 2.77 × 10 4 to 5.55 × 10 4 particle/cm 3 (with an average of 3.72 × 10 4 particle/cm 3 ). On the other hand, on non-event day (i.e., December 16), N total varied between 1.96 × 10 4 to 3.54 × 10 5 particle/cm 3 (2.49 × 10 4 particle/cm 3 ). This number concentration is comparable with the number concentration observed at Po Vally (Italy), Marikana (South Africa), Wakayama (Japan), Maxico city and Shanghai (China). In general, low number concentration have been Fig. 6 . Time series of size-resolved particle number concentration on November 4 (i.e., a growth event day). The white line represents the particle mode peak diameter.
reported for relatively less polluted (clean) sites (Komppula et al., 2003; Asmi et al., 2010) , whereas high values have been observed for relatively more polluted areas those are affected by long-range anthropogenic transport, local traffic, industrial and biomass burning emissions (e.g., Rodriguez et al., 2005; Kalafut-Pettibone et al., 2011; Du et al., 2012; Hirsikko et al., 2012) , Table 1 . Observed high number concentration of particles in New Delhi atmosphere supported the high level of pollution in the megacity reported recently (Miyazaki et al., 2009; Li et al., 2014) .
Particle Growth Rate
Total growth rate of particles (GR total ) can be estimated from the measured size distribution data. For an example, we determined the growth rate based on the SMPS data measured on a typical growth event day, i.e., on November 4. As depicted in Fig. 5(a) , on this day a continuous growth for 4 hours of the particles was observed. Fig. 7 shows a plot between geometric mean diameter (GMD, nm) of particle size distribution plotted against local time (hour) during the growth event day. The growth rates for different time periods of this event day were determined by fitting of the data of a particular time segment (minimum growth time of about 1 hour) for which an abrupt change in GMD was observed (Fig. 7) , especially during noontime (this point is further discussed in the following section in the context of meteorological parameters). Average growth rate was determined by fitting of total data of about 4 hours. The slope of the regression fit of the data (dotted line) gives the growth rate (nm/h) during the period.
The total growth rate from the regression fit was estimated to be 15.4 ± 11 (here standard error is the error of the regression fit for the predicted growth rate). For example, this growth rate is comparable with the growth rates observed in Po Vally (Italy), Beijing (China) and Tokyo (Japan), Table 1 . In general, low growth rates have been reported for relatively less polluted (clean) sites (Weber et al., 1997; Birmili and Wiedensohler, 2000; Dal Maso et al., 2005) , whereas high values have been observed for more polluted cities those are affected by long-range anthropogenic transport, local traffic, industrial and biomass burning emissions (Birmili and Wiedensohler, 2000; Verheggen and Mozurkewich, 2002; Birmili et al., 2003; Kulmala et al., 2005) . As discussed above, observed high particle growth rate in New Delhi atmosphere suggested that increased level of pollution in the megacity (Miyazaki et al., 2009) .
On November 4, the growth rate due to self-coagulation (GR scoag ) was calculated using Eq. (4). Average growth rate due to self-coagulation was calculated to be 3.8 ± 0.4 nm/h with minimum and maximum values were 2.9 and 5.1 nm/h, respectively. Figs. 8(a) and 8(b) represent GR scoag versus mode size, and GR scoag versus local time, respectively. Fig. 8(a) shows that in general, GR scoag increases with mode diameter of the size distribution. However, this trend is not very clear for smaller mode diameter (i.e., < 120 nm). The GR scoag was found to be relatively low around 12:00 to 14:00 h (LT), Fig. 8(b) . A possible reason for this is meteorological conditions, especially relative humidity and solar radiation those impact on GR scoag . Relative humidity A plot between the geometric mean diameter (GMD) versus local time on a growth event day for calculation of particle growth rates using slope of regression fit. The standard error shown with growth rate is computed as an error of the regression fit for the predicted growth rate.
shows a positive correlation (r 2 = 0.30), whereas solar radiation exhibits a strong negative correlation (r 2 = -0.74) with GR scoag (this point is further discussed in the following section). Other possible reason may be the GR scoag is overwhelmed by the growth rate due to coagulation scavenging (GR scav ), especially during noontime when solar radiation and temperature are intensified (opposite characteristic to the GR scoag ).
The GR scav was calculated using Eq. (10). In this study (on November 4), we did not observe any mode peak in nucleation range (< 25 nm). As discussed in Fig. 4 , we assumed that the nucleation range particles in the primary size distribution are being scavenged by mode peak particles existing in the same distribution, which results in to the next Fig. 8 . The relation between (a) calculated GR scog using Eq. (4) and particle mode size distribution, (b) GR scog and local time on November 4. mode in the succeeding sample. The average growth rate (GR scav ) was calculated to be 8.0 ± 6 nm/h with minimum and maximum values of 0.6 and 19.3 nm/h, respectively.
Here it is important to note that the mode peak may shift in several conditions, which include: (i) If particles exists in the same mode peak will coagulate (i.e., self-coagulation) and thus mode peak will shift in the succeeding sample, but number concentration of mode peak particles will decrease continuously in the successive measurements. This was observed in this study, Fig. 5(a) . (ii) When nucleation range particles will scavenge by mode peak particles. In this case number concentration of mode peak will not be affected but peak will shift (a case of coagulation scavenging, e.g., Fig. 4) . (iii) The growth observed in this study is based on the particle distribution measured for < 425 nm. However, according to the polydisperse coagulation theory, the coagulation proceeds faster as the size difference between two particles becomes larger. Therefore in the atmosphere, the mode peak particles may be scavenged by bigger particles (i.e., > 425 nm). This effect is not accounted in this study. However, if this effect is considerable then it may only affect the mode peak particle number concentration, but will not affect the mode peak shifting (particle growth) in the size range which is being studied here. Fig. 9(a) shows an increasing trend of GR scav with respect to local time. This may relate with meteorological condition. GR scav is positively correlated with meteorological parameters, e.g., temperature (r 2 = 0.83), wind speed (r 2 = 0.62) and solar radiation (r 2 = 0.28), whereas negatively correlated with relative humidity (r 2 = -0.21). These characteristics of GR scav are observed to be opposite to that of GR scog . A possible reason for a good relation of GR scav with temperature and wind speed could be that the high temperature leads to intensify the Brownian collision and low wind speed creates favorable condition for the coagulation scavenging of particles (this point is further discussed in the following section).
The coagulation sink is calculated using Eqs. (6)-(8). Similar to GR scav , the coagulation sink is also showed increasing trend with particle mode peak diameter (Fig.  9(b) ). The correlations of GR scav with particle mode peak diameter (d m ), and coagulation sink with d m are calculated to be r 2 = 0.62 and r 2 = 0.45, respectively. This suggests that particles of larger diameter can act as better sink and grow by scavenging of increased number of newly formed nucleation range particles (< 12 nm in this case).
Growth rate due to condensation was calculated (GR cond ) using Eq. (3), where we input GR total , GR scog and GR scav values (average), and thus GR cond retrieved to be 3.6 nm/h. Using condensational growth rate one can determine the concentration of condensable vapors using Eq. (11).
Effect of Meteorological Parameters on Particle Growth
Apart from concentration of precursor species in the atmosphere, the meteorological conditions play an important role in the new particle formation and its successive growth. Fig. 10 illustrates the effect of meteorological parameters on the particle growth event and non-event days. Fig. 10(a) clearly shows that the temperature (30 min average) is higher on growth event day than that of non-event day. Also the variation between minimum and maximum temperature is relatively larger on event day. During noontime (12:00- 15:00 h) on November 4 where the temperature is peaked, the dominant process of growth in this study, i.e., coagulation scavenging is also maximized (as discussed above). Although temperature is higher for event day, interestingly solar radiation was almost the same for event day and non-event day, Fig. 10(b) . This suggests that high temperature condition favors the particle growth, and on the other hand, similar solar radiation condition on event and non-event days possibly indicating that precursor species are also important directly/indirectly for formation and growth of particles. Precursor gas species possibly absorbs heat and therefore enhance the temperature at the ground level, while particles (especially fresh secondary aerosols) may scatter solar radiation resulting to reduce the solar radiation at the surface. It is important to note that the observed diurnal temperature behavior is quite different from clean areas, as recorded at different locations in Finland (Boy and Kulmala, 2002; Komppula et al., 2003; Vehkamäki et al., 2004) , where it has been found that the average temperatures for event days were lower than that of non-events days. Contrarily, high temperature conditions have been found to be associated with the nucleation events and subsequent growth in east and south Germany (Birmili and Wiednsohler, 2000; Birmili et al., 2003) , and in Atlanta (Woo et al., 2001) .
Observing the high solar radiation during event days than non-event days has been the main feature found in all long-term nucleation and growth studies from clean areas in Finland (Mäkelä et al., 1997; Kulmala et al., 1998; Boy and Kulmala, 2002; Komppula et al., 2003; to industrial and agriculture regions in Germany (Birmili and Wiednsohler, 2000; Birmili et al., 2003) , Birmingham, UK (Alam et al., 2003) , Pittsburgh, Pennsylvania (Stanier et al., 2004) , urban Atlanta (Woo et al., 2001) and rural environment in north Italy (Rodriguez et al., 2005) . These studies concluded that photochemistry is a governing process which involves formation of the hydroxyl radical (Harrison et al., 2000) and thus produces the nucleating and/or condensing species for the new particle formation and subsequent growth. Fig. 10(c) shows that wind speed was on average lower on growth event day than on growth non-event day. During the growth period on November 4, the observed average wind speed was 0.6 m/s, whereas for the same period on December 16, the recorded value was 2.3 m/s. This suggests that high temperature and calm conditions support the particle growth, especially growth due to coagulation scavenging as discussed above. In above discussions, it was observed that relative humidity is negatively (r 2 = -0.21) and positively (r 2 = 0.30) correlated with growth rates due to coagulation scavenging (GR scav ) and self-coagulation (GR scoag ), respectively. The coagulation scavenging was found as dominant process for growth on November 4. On comparing the effect of relative humidity during growth period and for the same period on non-event day in Fig.  10(d) , no remarkable difference was observed. Different behavior was observed in north Italy (Rodriguez et al., 2005) , in the polluted continental boundary layer (Birmili and Wiednsohler, 2000) , in rural area (Birmili et al., 2003) and also in clean areas, for example in different stations in Finland, i.e., Hyytiälä station (Boy and Kulmala, 2002) , Pallas station in sub arctic area in northern Finland (Komppula et al., 2003) and in Värriö in Finnish Lapland . Where it was observed that the particle formation and growth are negatively correlated with relative humidity, consistent with this study in the case of growth due to coagulation scavenging. Further, the slope in Fig. 7 is abruptly changed during noontime (12:00-13:00 h), i.e., regression line B, which is possibly because of increase of temperature and low wind speed conditions. These conditions favor and enhance the photochemical secondary growth (condensation) rate. GR cond for three different slopes, A, B and C are retrieved to be 5.4, 42.3 and -(no growth) nm/h, respectively (whereas GR scoag , and GR scav for these slopes are calculated to be 4.0, 9.7 and 11.5 nm/h, and 3.8, 3.6 and 3.8 nm/h, respectively).
The observed growth rates on other two event days, i.e., on December 15 and 26, 2011 were 13.37 ± 12 nm/h and 9.5 ± 10 nm/h, respectively. The minimum particle number concentration was 1.1 × 10 4 and maximum was 3.2 × 10 4 particle/cm 3 on December 15. Whereas on December 26, these concentrations were 2.4 × 10 4 and 3.5 × 10 5 particle/cm 3 , respectively. The estimated self-coagulation growth rate (GR scoag ) for both the event days were 2.0 ± 0.5 and 4.0 ± 2 nm/h, respectively. Similar to November 4, the correlation of meteorological data with GR scoag of other two event days (December 15 and 26) were also studied. Relative humidity of both the event days shows strong positive correlation with self-coagulation growth rate, i.e., r 2 = 0.96 and 0.92, respectively. Whereas, temperature (r 2 = -0.95 and -0.88), wind speed (r 2 = -0.86 and -0.57) and solar radiation (r 2 = -0.63 and -0.68) shows negative correlations with GR scoag on both the event days, respectively. Unlike November 4, the growth rate due to scavenging was not estimated for these events because of the absence of particle number concentration of below 12 nm (< 12 nm assumed to be freshly formed in this study as discussed above (10 nm assumed by Kulmala et al., 2000) ).
Five-day air mass backward trajectories were obtained for each of the measurement days. The analysis was performed using the HYSPLIT-WEB model (http://ready.arl.noaa.gov/ HYSPLIT.php, NOAA Air Resources Laboratory, Silver Spring, Maryland, United States). These trajectories were calculated for air masses starting from the sampling site (with sampling ending time) at 500 m height using the model vertical velocity and reanalysis data. The flow pattern was updated every 24 h. During 10 days of the measurement, 3 growth event days were identified. In Fig. 11 , the backward trajectories clearly show that during growth event days (red inked), air masses were relatively fresh and arrived to the site from western side compared to those for non-event days, where air masses were traveled longer distances (aged) and/or originated from Indo-Gangetic plain (blue inked). Aerosols in Indo-Gangetic plain are reported to be aged because of poor ventilation in this plain. This analysis also suggests that in New Delhi, formation and growth of aerosols (secondary aerosols) and air quality possibly influenced by the regional emission inflow in addition to local emission sources, e.g., biomass burning, trafic emission, biogenic emission and other combusion/ burning sources from residential colonies (Miyazaki et al., 2009; Li et al., 2014) . 
CONCLUSION
For different purposes in atmospheric aerosol studies, information on particle growth due to individual process is needed. In this study, based on the equations discussed in Leppä et al. (2011) , we applied a simplified approach to calculate particle growth due to self-coagulation, coagulation scavenging and condensation (Seinfeld and Pandis, 2006) processes. This approach is based on particle number size distribution measured by SMPS. The SMPS measurements (particle size range from 9-425 nm) were conducted at National Physical Laboratory, New Delhi for 10 days during November-December 2011. In this period, 3 particle growth event days were classified. To discuss growth rate due to self-coagulation (GR scoag ), coagulation scavenging (GR scav ) and condensation (GR cond ) using the formulae derived in this study, for an example, we have selected a growth event day, November 4 and a non-event day, December 16. Total growth rate (GR total ) was calculated based on the regression fit of the plot between geometric mean diameter (GMD) and local time of the number size distribution measured on November 4. From the regression equation, GR total calculated to be 15.4 ± 11 nm/h. Using the formulae derived in this study, GR scoag and GR scav were calculated to be 3.8 ± 0.4 and 8.0 ± 6 nm/h, respectively. Assuming that the total growth rate is a sum of GR scoag , GR scav and GR cond , GR cond is estimated to be 3.6 nm/h. This approach is simple, and growth by individual processes can be calculated without knowing several other parameters which include vapor concentration of atmospheric constituents, heterogeneous processes, complex modeling procedures, etc.
Our result suggests that (i) on an event day (November 4), particle mode peak size is increased with time but number concentration in the mode is systematically decreased. Furthermore, particle total number concentration is also found to decrease with particle mode peak size. This suggests that coagulation scavenging is a dominant process of particle growth in an urban atmosphere, (ii) the GR scoag was found to be relatively low around noontime, when solar radiation is peaked (r 2 = -0.74) and relative humidity is low (r 2 = 0.30), (iii) on the other hand, different from GR scoag , GR scav exhibits opposite characteristics. The GR scav is positively correlated with temperature (r 2 = 0.83), wind speed (r 2 = 0.62) and solar radiation (r 2 = 0.28), whereas, negatively correlated with relative humidity (r 2 = -0.21), (iv) like GR scav , the coagulation sink is also showed increased trend with particle mode peak diameter. This suggests that particles of larger diameter can act as better sink and grow by scavenging of increased number of newly formed nucleation range particles (< 12 nm in this case). Further studies are needed to fully understand these mechanisms in the atmosphere.
The total growth rate observed in New Delhi is comparable with the growth rates observed in several sites on the globe those are affected by long-range anthropogenic transport, local traffic, industrial and biomass burning emissions. This supports the reported increased level of emissions in the megacity.
